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A b s t r a c t  

T h i s  paper  d e a l s  w i t h  t h e  e f f e c t  o f  s h a f t  f requency  on t h e  per fo rmance o f  

a submerged j o u r n a l  u n d e r g o i n g  noncentered c i r c u l a r  w h i r l .  The main emphasis 

o f  t h e  paper i s  on t h e  b e h a v i o r  o f  t h e  vapor c a v i t a t i o n  b u b b l e  and i t s  e f f e c t  

on t h e  b e a r i n g  per fo rmance as a f u n c t i o n  o f  f requency .  A c a v i t a t i o n  a l g o r i t h m  

due t o  E l r o d  was implemented i n  a computer program wh ich  s o l v e s  a 

t lme-dependent  Reynolds e q u a t i o n .  Th is  a l g o r i t h m  a u t o m a t i c a l l y  hand les  t h e  

boundary c o n d i t i o n s  by  u s i n g  a s w l t c h  f u n c t i o n  and a c o n t r o l  volume approach 

w h i c h  conserves mass t h r o u g h o u t  t h e  e n t i r e  f l o w .  The s h a f t  f r e q u e n c i e s  i n  

t h i s  i n v e s t i g a t i o n  ranged f rom 0 rad/s ( s q u e e z e - f i l m  damper) t o  -104 rad /s  ( a  

case i n  wh ich  o i l - w h i p  c o n d i t i o n  was produced m o m e n t a r i l y ) .  F o r  t h e  

p a r t i c u l a r  v i b r a t i o n  a m p l i t u d e  chosen i n  t h l s  i n v e s t i g a t i o n  i t  was observed 

t h a t  vapor c a v i t a t i o n  had an e f f e c t  on t h e  l o a d  components f o r  t h e  f u l l  range 

o f  s h a f t  f r e q u e n c i e s  i n v e s t i g a t e d .  

Nomenclature 

D s h a f t  d i a m e t e r ,  m 

e e c c e n t r i c i t y ,  m 

dynamic e t c e n t r i c i t y ,  m 
d e 

e s t a t i c  e c c e n t r i c i t y ,  m 
S 
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e f r a c t i o n a l  f i l m  c o n t e n t  i n  c a v i t a t i o n  
f u l l - f i l m  zone 

)1 dynamic v i s c o s i t y ,  N-s/m 

T p e r i o d  f o r  1 r e v o l u t i o n  o f  the j o u r n a  

Td p e r i o d  f o r  1 r e v o l u t i o n  o f  the j o u r n a  

S 

r e l a t i v e  t o  h o u s i n g  c e n t e r ,  21f/Wd, s 

zone, d e n s i t y  r a t i o  (p/pc) i n  

about  i t s  own c e n t e r ,  2r /wS,s 

c e n t e r  about  a f i x e d  p o i n t  

cp a n g u l a r  c o o r d i n a t e  r e l a t i v e  t o  m i n i m u m - f i l m  l i n e ,  rad  

JI a t t i t u d e  a n g l e ,  t an - ’  ( F  / F R ) ,  r a d  

o r b i t a l  a n g u l a r  v e l o c i t y  o f  j o u r n a l  c e n t e r  about  a f i x e d  p o i n t  r e l a t i v e  
t o  h o u s i n g  c e n t e r ,  rad /s  

cp 

W a n g u l a r  v e l o c i t y  o f  j o u r n a l  about  i t s  own c e n t e r ,  rad /s  

INTRODUCTION 

S 

T h i s  paper  d e a l s  w i t h  t h e  e f f e c t  o f  s h a f t  f requency  on t h e  per formance o f  

a d y n a m i c a l l y  loaded j o u r n a l  b e a r i n g  w i t h  vapor c a v i t a t i o n .  D e s p i t e  t h e  

impor tance o f  c a v i t a t i o n  i n  d y n a m i c a l l y  loaded bear ings ,  v e r y  l i t t l e  work has 

been r e p o r t e d  w h i c h  f u l l y  accounts  f o r  t h e  f o r m a t i o n  o f  vapor c a v i t a t i o n .  

Because o f  t h e  c o m p l e x i t y  and t h e  compu ta t i ona l  requ i rements  o f  t h e  p rocess ,  

most r e s e a r c h e r s  a r e  compel led  t o  assume t h a t  I n  a d y n a m i c a l l y  loaded b e a r l n g  

t h e  boundary c o n d i t i o n s  remain  s i m i l a r  t o  a s t e a d i l y  loaded j o u r n a l  b e a r i n g  

( 1 ) .  An e a r l i e r  paper  by Brewe ( 2 )  i l l u s t r a t e d  some o f  t h e  consequences o f  

n o t  t a k i n g  f i l m  r e f o r m a t i o n  and t h e  moving boundary i n t o  account .  

C a v i t a t i o n  can m a n i f e s t  i t s e l f  i n  t w o  d i s t i n c t  forms:  gaseous c a v i t a t i o n  

and vaporous c a v i t a t i o n .  Gaseous c a v i t a t i o n  i s  g e n e r a l l y  seen i n  a s t e a d i l y  

loaded j o u r n a l  b e a r i n g .  I t  occurs  i n  l o w  p r e s s u r e  r e g i o n s  o f  t h e  f l o w  where 

t h e  s a t u r a t i o n  p r e s s u r e  o f  t h e  f l u i d  has been reached.  Th is  f o r m  o f  

c a v i t a t i o n  i s  b e n i g n  t o  b e a r i n g  su r face  damage ( 3 ) .  I n  c o n t r a s t ,  vaporous 

c a v i t a t i o n  n o r m a l l y  occu rs  i n  d y n a m i c a l l y  loaded b e a r i n g s  and i s  r e s p o n s i b l e  

f o r  p h y s i c a l  damage t o  t h e  b e a r i n g  su r faces  as a r e s u l t  o f  t h e  c o l l a p s e  o f  t h e  

vaporous c a v i t i e s  on t h e  s u r f a c e s .  Jacobson and Hamrock ( 4 , 5 )  recorded t h e  
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appearance of  vapor c a v i t a t i o n  i n  a d y n a m i c a l l y  loaded j o u r n a l  b e a r i n g  f o r  t h e  

f i r s t  t i m e  by u s i n g  h igh-speed photography .  More r e c e n t l y ,  W a l t o n  e t  a l .  have 

used h igh-speed photography t o  observe  c a v i t a t i o n  i n  s q u e e z e - f i l m  dampers. 

( " E x p e r i m e n t a l  O b s e r v a t i o n  o f  C a v i t a t i n g  Squeeze F i  l m  Dampers" p r e s e n t e d  a t  

t h e  1986 ASME/ASLE T r i b o l o g y  Conference,  O c t .  20-22, 1986, P i t t s b u r g h ,  P A .  To 

be p u b l i s h e d  i n  J o u r n a l  o f  T r i b o l o g y ,  ASME.) 

F u r t h e r ,  c a v i t a t i o n  p l a y s  an i m p o r t a n t  r o l e  i n  t h e  s t a b i l i t y  o f  r o t a t i n g  

mach inery .  A p r e v i o u s  i n v e s t i g a t i o n  by  Brewe ( 2 )  v e r i f l e d  t h a t  c a v i t a t i o n  can 

g e n e r a t e  some l o a d  c a p a c i t y  and shou ld  n o t  be t a k e n  l i g h t l y  i n  t h e o r e t i c a l  

s t u d i e s .  T h e r e f o r e ,  i t  i s  i m p o r t a n t  t o  f u r t h e r  s t u d y  t h e  e f f e c t  o f  c a v i t a t i o n  

on t h e  per formance o f  t h e  b e a r i n g .  

T h i s  s t u d y  c e n t e r s  on t h e  t h e o r e t i c a l  i n v e s t i g a t l o n  o f  t h e  per fo rmance o f  

t h e  b e a r i n g  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  c a v i t a t i o n  e f f e c t s .  The c a v i t a t i o n  

a l g o r i t h m  used i s  based on t h e  mass c o n s e r v a t i o n  t h r o u g h o u t  t h e  e n t i r e  f l o w  

r e g i o n .  

THEORY 

C a v i t a t i o n  A l g o r l t h m  

A computer program was developed based on E l r o d ' s  a l g o r i t h m  ( 6 )  t h a t  

combines a c o n t r o l  volume approach t o  d e r i v i n g  t h e  f i n i t e - d i f f e r e n c e  e q u a t i o n  

w i t h  a s w i t c h i n g  f u n c t i o n  t h a t  a u t o m a t i c a l l y  hand les  t h e  moving boundary 

c o n d i t i o n  a t  t h e  l i q u i d - v a p o r  i n t e r f a c e .  The c o m p l i c a t i o n  i n  s a t i s f y i n g  t h e  

boundary c o n d i t i o n  i s  a v o i d e d  by  d e f i n i n g  a s i n g l e  independent  parameter  6 

w h i c h  l i n k s  t h e  f u l l - f i l m  r e g i o n  and t h e  c a v i t a t e d  r e g i o n .  T h i s  parameter  i s  

d e f i n e d  b y  t h e  r a t l o  o f  t h e  l o c a l  d e n s i t y  t o  t h a t  o f  t h e  c a v i t a t i o n  d e n s i t y ,  

i . e . ,  

e e =  
PC 
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I t  f o l l o w s  t h a t  i n  t h e  c a v i t a t i o n  r e g i o n  e < 1.0 and i n  t h e  f u l l - f i l m  

r e g i o n  e > 1.0.  A s w i t c h  f u n c t l o n  g was d e f i n e d  as "on"  ( g  = 7 )  and 

''off" ( g  = 0)  i n  t h e  f u l l - f i l m  and c a v i t a t i o n  r e g i o n s  r e s p e c t i v e l y .  By u s i n g  

t h i s  p r o p e r t y ,  a u n i v e r s a l  Reynolds e q u a t i o n  was d e f i n e d  as i n d l c a t e d :  

where r e p r e s e n t s  t h e  l i n e a l  mass f l u x  and i s  g i v e n  by 

I n  t h e  c a v i t a t i o n  r e g i o n ,  t h e  second t e r m  van ishes  s i n c e  g = 0. T h i s  

e q u a t i o n  was i n t e g r a t e d  I n  t i m e  by u s i n g  an E u l e r ' s  method t o  advance i n  

t i m e .  A t  eve ry  t i m e  s t e p  t h e  d i f f e r e n c e  e q u a t i o n  was so l ved  by an a l t e r n a t i n g  

d i r e c t i o n  i m p l i c i t  (ADI )  scheme. The s w i t c h  f u n c t i o n  was updated a f t e r  each 

h a l f - t i m e  s t e p .  O c c a s i o n a l l y ,  d u r i n g  t h e  c o l l a p s e  o f  t h e  vapor bubb le ,  l i q u i d  

was p i l i n g  up a t  t h e  boundary.  Th is  was due t o  an i n h e r e n t  t i m e  l a g  o f  t h e  

s w i t c h  f u n c t i o n  w i t h  t h e  c a l c u l a t i o n .  Consequent ly ,  t h e  s w i t c h  f u n c t i o n  was 

i m m e d i a t e l y  updated  t o  accommodate the  movement of t h e  boundary,  and t h e  

c a l c u l a t i o n  was r e i t e r a t e d .  

The r e s u l t s  o f  t h e  program developed were a u t h e n t i c a t e d  by compar ison t o  

an exper iment  of Ref .  ( 4 ) .  When compared t o  t h e  pseudo-GUmbel boundary 

c o n d i t i o n s  ( 2 ) ,  t h e  r e s u l t s  p r e d i c t e d  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  computed 

l o a d  c a p a c i t y  ( u p  t o  20 p e r c e n t ) .  Fur thermore ,  i t  was found t h a t  t h e  s i z e ,  

l i f e ,  and l o c a t i o n  o f  t h e  c a v i t a t i o n  bubb le  were c o n s i d e r a b l y  a f f e c t e d  by 

i m p o s i n g  t h e  pseudo-Gijmbel boundary c o n d i t i o n s .  

5 



F l u i d  V e l o c i t y  Under Dynamic Load ing  

Consider  t h e  b e a r i n g  geometry  shown i n  F i g .  1 .  A s  shown, t h e  min imum-- f i lm 

t h i c k n e s s  r o t a t e s  c l o c k w i s e  around t h e  b e a r i n g  a t  a w h i r l  f r e q u e n c y  o f  y .  

Jacobson and Hamrock ( 5 )  show t h a t  f r o m  t h i s  d iagram y can be e v a l u a t e d  

s i n (  wd t) 
y = t a n  

s o  t h a t  

c31 

The t o t a l  e c c e n t r i c i t y  e d e f i n e d  as t h e  i n s t a n t a n e o u s  d i s t a n c e  between 

Ob and 0 i s :  
j 

ed s i n ( w d t )  

s i n  y 
e =  

The f i l m  t h i c k n e s s  i s ,  t h e r e f o r e ,  d e f i n e d  as f o l l o w s :  

h = A R ( 1  - E C O S  ~ p )  

The s l i d i n g  v e l o c i t y  o f  t h e  j o u r n a l  i s  

U = ( w  - 2 f ) R  
S 

T e s t  B e a r i n g  

The b e a r i n g  s i m u l a t e d  i n  t h i s  s t u d y  i s  based on an e x p e r i m e n t a l  s t u d y  of 

a j o u r n a l  b e a r i n g  submerged i n  Dexron l u b r i c a n t  ( 4 ) .  The j o u r n a l  r o t a t e d  

a b o u t  i t s  own f i x e d  c e n t e r  w h l l e  t h e  b e a r i n g  v i b r a t e d  i n  a noncentered  

c i r c u l a r  m o t i o n  k e e p i n g  t h e  axes o f  v i b r a t i o n  p a r a l l e l  t o  t h a t  o f  r o t a t i o n .  

Note  t h a t  t h e r e  a r e  two t i m e  s c a l e s  i n  t h i s  problem: one, T i s  a s s o c i a t e d  

w i t h  t h e  s p i n  o f  t h e  j o u r n a l  about  i t s  own c e n t e r ;  t h e  o t h e r ,  T ~ ,  i s  a s s o c i a t e d  

w l t h  t h e  t r a n s l a t i o n a l  m o t i o n  o f  t h e  j o u r n a l  c e n t e r  about  a f i x e d  p o i n t .  The 

r a t i o  o f  t h e s e  t i m e  s c a l e s  

squeeze a c t i o n  t a k i n g  p l a c e .  T h i s  range v a r i e d  f r o m  0.00 t o  1 .13  i n  t h i s  

s t u d y .  The d a t a  used i n  t h e  s i m u l a t i o n  a r e  summarized i n  T a b l e  1 .  

S ’  

T ~ / T ~  
i s ,  i n  some sense, a measure of wedge t o  

6 



RtSULTS AND DlSCUSSION 

t f f e c t  ol S h a f t  Frequency on C a v l t a t i o n  

l d b l e  7 l i s t s  t h e  v a r i o u s  s h a f t  f r e q u e n c i e s  r u n  i n  t h i s  a n a l y s i s  and 

i n d i c a t e s  t h e  e f f e c t  t h e y  had on c a v i t a t i o n .  The t imes l i s t e d  i n  t h e  t a b l e  

a r e  r e l a t i v e  t o  t h e  s t a r t  o f  t h e  o r b l t .  The p e r i o d  f o r  t h e  noncentered  s h a f t  

w h i r l  was 67.78 ms f o r  each case. C a v i t a t i o n  p e r s i s t e d  f o r  a l o n g e r  p e r i o d  of 

t i m e  i n  t h e  case o f  t h e  s q u e e z e - f i l m  damper ( i . e . ,  48.91 ms) t h a n  i n  t h e  o t h e r  

cases l i s t e d .  The b u b b l e  l i f e  decreased w i t h  i n c r e a s i n g  s h a f t  f requency .  The 

c a v i t a t i o n  d e s i n e n c e  ( b u b b l e  c o l l a p s e )  was weak ly  a f f e c t e d  by s h a f t  f r e q u e n c y .  

However, as t h e  s h a f t  f requency  was i n c r e a s e d  t h e  c a v i t a t i o n  i n c e p t i o n  was 

d e l a y e d  wh ich  gave r i s e  t o  a s h o r t e r  b u b b l e  l i f e .  

O r b i t a l  P r e s s u r e  and C a v i t a t l o n  H i s t o r y  

F i g u r e s  2 and 3 i l l u s t r a t e  t h e  r e s p o n d i n g  p r e s s u r e  v a r i a t i o n  t o  t h e  

m o t i o n  o f  t h e  s h a f t  u n d e r g o i n g  noncentered c i r c u l a r  w h i r l  f o r  two c o n t r a s t i n g  

s i t u a t i o n s .  l h e  case of a squeeze f i l m  damper ( i . e .  o = 0)  i n  F i g .  2 i s  

c o n t r a s t e d  w i t h  t he  case i n  w h i c h  the o i l - w h i p  c o n d i t i o n  i s  m o m e n t a r i l y  

observed ( i . e .  w = -104.29 r a d / s )  i n  F i g .  3. Both  cases have an o r b i t a l  

f r e q u e n c y  o f  -92.7 r a d / s .  I n  each f i g u r e ,  p a r t  ( a )  i l l u s t r a t e s  t h e  s t a r t i n g  

p o s i t i o n  ( i . e .  E = 0 . 1 ) .  P a r t s  ( a )  t o  ( f )  d e p i c t  s e v e r a l  key events  i n  t h e  

c l o c k w i s e  c i r c u l a r  m o t i o n  o f  t h e  j o u r n a l  c e n t e r  w i t h i n  t h e  b e a r i n g .  

S 

S 

F i g u r e  2 ( a )  r e p r e s e n t s  t h e  p o s i t i o n  o f  t h e  j o u r n a l  w i t h i n  t h e  h o u s i n g  and 

t h e  a s s o c i a t e d  p r e s s u r e  d i s t r i b u t i o n  a t  t h e  i n s t a n t  t h a t  t h e  e c c e n t r i c i t y  i s  

a t  a minimum. The d a r k  o b l o n g  r e g i o n  i n d i c a t e s  t h e  shape and p o s i t i o n  o f  a 

vapor  b u b b l e  downstream o f  t h e  min imum- f i lm l i n e .  The p o s i t i o n  o f  t h e  b u b b l e  

w i t h i n  t h e  s m a l l  c l e a r a n c e  space o f  t h e  j o u r n a l  b e a r i n g  i s  a l s o  i n d i c a t e d .  A t  

t h i s  p a r t i c u l a r  i n s t a n t  t h e  tendency of  t h e  p r e s s u r e  f l o w  a l o n g  t h e  s i d e  o f  t h e  

b u b b l e  t o  cause t h e  b u b b l e  t o  c o l l a p s e  becomes g r e a t e r  s i n c e  i t  i s  p r o p o r t i o n a l  

t o  h . The j o u r n a l  c e n t e r  moves i n  a c l o c k w i s e  o r b i t  f r o m  F i g s .  2 ( a )  t o  ( b )  3 
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, ( n e a r l y  o n e - e i g h t h  o f  a r e v o l u t i o n ) .  W h i l e  t h e  e c c e n t r i c i t y  i s  i n c r e a s i n g ,  

t h e  minimum f i l m  i s  d e c r e a s i n g  w h i c h  g i v e s  r i s e  t o  t h e  squeeze a c f i o n  i n  t h e  

v i c i n i t y  o f  t h e  mln imum- f i lm l i n e .  A s l l g h t  r i s e  i n  t h e  p r e s s u r e  f i e l d  can be 

observed t h e r e .  Note i n  F i g .  2 ( b )  t h a t  t h e  vapor  bubb le  has c o l l a p s e d  f a r t h e r  

downstream f r o m  i t s  p o s i t i o n  i n  F i g .  2 ( a ) .  I t  i s  l o c a t e d  c l o s e r  t o  t h e  

p o s i t i o n  o f  maximum-f i lm t h i c k n e s s .  

C a v i t a t i o n  i s  a b s e n t  f r o m  F i g .  2 ( b )  t o  ( c ) .  I n  F i g .  2 ( c ) ,  a new 

c a v i t a t i o n  b u b b l e  appears,  and t h e  p r e s s u r e  g e n e r a t i o n  i n  t h e  r e g i o n  o f  t h e  

m i n i m u m - f i l m  l i n e  becomes s i g n i f i c a n t l y  l a r g e  because o f  t h e  squeeze and wedge 

e f f e c t s  t a k i n g  p l a c e  t h e r e .  F l g u r e  2 ( d )  r e p r e s e n t s  t h e  c o n f i g u r a t i o n  o f  t h e  

b e a r i n g  when t h e  maximum p r e s s u r e  o c c u r s .  Note  t h a t  t h i s  happens 5.3 ms 

b e f o r e  t h e  maximum e c c e n t r i c i t y  i s  reached because o f  t h e  m o t i o n  o f  t h e  s h a f t  

[ F I g .  4 ( a ) ] .  A s  t h e  j o u r n a l  approaches t h e  end o f  t h e  squeeze c y c l e  and b e g i n s  

t o  s e p a r a t e  f r o m  t h e  s h a f t ,  t h e  s l i d i n g  v e l o c i t y  approaches a minimum v a l u e  and 

t h e  squeeze v e l o c i t y  passes t h r o u g h  z e r o .  The e f f e c t  o f  t h i s  on t h e  p r e s s u r e s  

more t h a n  o f f s e t s  any i n c r e a s e  i n  p r e s s u r e  t h a t  would have been r e a l i z e d  

because o f  t h e  s m a l l e r  m i n i m u m - f i l m  t h i c k n e s s .  

F i g u r e  2 ( e )  r e p r e s e n t s  t h e  end o f  t h e  squeeze c y c l e  and t h e  b e g i n n i n g  o f  

t h e  s e p a r a t i o n  c y c l e .  Now t h e  minimum f i l m  b e g i n s  t o  i n c r e a s e  wh ich  c r e a t e s  a 

s u c t i o n  e f f e c t ,  an accompanying g r o w t h  i n  t h e  bubb le ,  and a d i s s i p a t i o n  o f  t h e  

p r e s s u r e  hump noted  i n  F i g .  2 ( f ) .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

e c c e n t r i c i t y  i s  t h e  same (0.78)  f o r  F i g s .  2 ( d )  and ( f ) .  The d r a s t i c  d i f f e r e n c e  

i n  t h e  p r e s s u r e  p l o t  i s  a r e s u l t  o f  t h e  squeeze v e l o c i t y  h a v i n g  o p p o s i t e  s i g n s  

i n  t h e  two s i t u a t i o n s .  The m i n i m u m - f i l m  t h i c k n e s s  c o n t i n u e s  t o  i n c r e a s e  as i t  

moves i n  a c l o c k w i s e  d i r e c t i o n .  The r e p r e s e n t a t i o n  shown i n  F i g .  2 ( a )  i s  

r e p e a t e d  as a r e  t h e  r e p r e s e n t a t i o n s  f o r  each succeed ing  o r b i t .  

I 

I 

A v e r y  s i g n i f i c a n t  d i f f e r e n c e  between F i g s .  2 ( e )  and 3 ( d )  o c c u r s  when t h e  

e c c e n t r i c i t y  i s  a maximum ( i . e .  t = 0 .80 ) .  I n  t h e  case o f  t h e  s q u e e z e - f i l m  
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damper ( i - e .  o = 0 ) ,  F i g .  2 (e)  I l l u s t r a t e s  a s i z e a b l e  p r e s s u r e  b u i l d u p  and 

a w e l l  deve loped c a v i t a t i o n  b u b b l e .  However, f o r  t h e  case i n  w h i c h  

w = -104.29 r a d / s ,  F i g .  3 ( d )  shows no p r e s s u r e  b u i l d u p  o r  c a v i t a t i o n .  T h i s  

c o n d i t i o n  a r i s e s  because t h e  n e t  f l o w  produced by t h e  squeez ing  and s l i d i n g  

m o t i o n  i s  zero .  The w h i r l  f requency  a t  t h i s  i n s t a n t  i s  equa l  t o  one-ha l f  

t h e  s h a f t  f r e q u e n c y  and i s  commonly r e f e r r e d  t o  as t h e  " h a l f - f r e q u e n c y  w h i r l "  

c o n d i t i o n .  

Load as a F u n c t i o n  o f  S h a f t  Frequency 

S 

S 

F i g u r e  5 ( d )  t o  ( d )  i l l u s t r a t e s  how t h e  l o a d - c a r r y i n g  c a p a c i t y  v a r i e s  as a 

f u n c t i o n  o f  t h e  e c c e n t r i c i t y  r a t i o  f o r  v a r i o u s  s h a f t  f r e q u e n c i e s  o . A case 

r e p r e s e n t i n g  a s q u e e z e - f i l m  damper ( O  = 0)  i s  shown i n  F i g .  5 ( a ) .  The l o a d  

v a r i a t i o n  t h r o u g h  one o r b i t  o f  c i r c u l a r  w h i r l  resembles a h y s t e r e s i s  e f f e c t  

w h i c h  i s  due t o  t h e  o c c u r r e n c e  o f  c a v i t a t i o n  i n  t h e  c y c l e  ( 7 ) .  T h i s  e f f e c t  i s  

p r e v a l e n t  f o r  a l l  o f  t h e  s h a f t  f r e q u e n c i e s  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  

S 

S 

Each p o r t i o n  o f  p a r t s  ( a )  and ( d )  o f  F i g .  5 i s  l a b e l e d  f o r  d i s c u s s i o n  

purposes;  t h e  r e a d e r  s h o u l d  s i m u l t a n e o u s l y  r e f e r  t o  t h e  c o r r e s p o n d i n g  p r e s s u r e  

d i s t r i b u t i o n s  p r e s e n t e d  i n  F i g s .  2 and 3, r e s p e c t i v e l y .  

For  t h e  p a r t i c u l a r  cases s t u d i e d ,  i t  can be s a i d  t h a t  i n c r e a s i n g  t h e  

s h a f t  f r e q u e n c y  had l i t t l e  e f f e c t  on t h e  o n s e t  o f  d e s i n a t i o n  ( b u b b l e  c o l l a p s e )  

and t h e  l o c a t i o n  o f  t h e  peak l o a d  ( v i z .  F i g .  5 ) .  However, t h e  magn i tude o f  

t h e  peak l o a d  decreased w i t h  t h e  i n c r e a s e  i n  t h e  s h a f t  f r e q u e n c y .  

The v a r i a t i o n  o f  t h e  shape o f  the W - - E  c u r v e  w i t h  f r e q u e n c y  i s  

i n t e r e s t i n g  and w e l l  w o r t h  d i s c u s s i n g .  The p o r t i o n  o f  t h e  c y c l e  b e g i n n i n g  

w i t h  t h e  squeeze m o t i o n  t h r o u g h  t h e  peak p r e s s u r e  [ F i g .  5 ( a )  t o  ( d ) ]  i s  

e s s e n t i a l l y  i n v a r i a n t  w i t h  t h e  s h a f t  f r e q u e n c y .  But  around t h e  v i c i n i t y  o f  

E = 0.8 where t h e  s e p a r a t i o n  occurs,  t h e  e f f e c t  o f  s h a f t  f r e q u e n c y  i s  more 

a p p a r e n t .  Here t h e  W - E  deve lops  an i n c r e a s i n g l y  s t e e p  g r a d i e n t  w i t h  

i n c r e a s i n g  s h a f t  f r e q u e n c y .  F i n a l l y  f o r  t h e  case os = -104.29 r a d / s  
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[F ig .  5 ( d ) ]  t h e  load c a p a c i t y  van ishes  c o m p l e t e l y  when t h e  w h i r l  f requency  (+)  

i s  equal  t o  o n e - h a l f  t h e  s h a f t  f requency .  T h i s  f r e q u e n c y  can be p r e d i c t e d  by 

examin ing  e q u a t i o n  [ 7 ] .  The squeeze and s l i d i n g  v e l o c i t y  f o r  t h i s  case i s  

p l o t t e d  i n  F i g .  4 ( c ) .  

I t  may a l s o  be n o t e d  t h a t  on t h e  r e t u r n  c y c l e  ( F i g .  5 f r o m  p o i n t  f t o  a )  

t h e r e  i s  no a p p r e c i a b l e  l o a d  v a r i a t i o n  where w = 0.  A s  t h e  f r e q u e n c y  

i n c r e a s e s ,  t h e  v a r i a t i o n  i n  l o a d  w i t h  e c c e n t r i c i t y  i n  t h a t  p o r t i o n  i n c r e a s e s .  

T h i s  i s  a n o t i c e a b l e  v a r i a t i o n  ( r o u g h l y  200 N )  a t  t h e  s h a f t  f r e q u e n c y  o f  

-104.29 r a d / s .  A f t e r  p a s s i n g  t h r o u g h  t h e  l o a d  r e d u c t i o n ,  t h e  s l i d i n g  and 

squeeze t e r m  i n  t h e  Reynolds e q u a t i o n  r e c o v e r s  t o  c o n t r i b u t e  to t h e  l o a d  

c a p a c l t y .  Another  c o n t r i b u t i n g  f a c t o r  t o  t h e  l o a d  c a p a c i t y  i n  t h e  s e p a r a t i o n  

c y c l e  i s  t h e  c a v i t a t i o n .  T h i s  can occur  when t h e  b u b b l e  moves downstream f r o m  

t h e  m i n i m u m - f i l m  l i n e  so t h a t  i t  p o s i t i o n s  i t s e l f  d i a m e t r i c a l l y  o p p o s i t e  t o  

t h e  d i r e c t i o n a l  load  l i n e  d e s c r i b e d  by t h e  a t t i t u d e  a n g l e .  

S 

R a d i a l  and T a n g e n t i a l  Loads 

F i g u r e  6 i l l u s t r a t e s  how t h e  s h a f t  f r e q u e n c y  can a f f e c t  t h e  dynamic 

l o a d i n g  ( r a d i a l  and t a n g e n t i a  ) as a f u n c t i o n  o f  e c c e n t r i c i t y  t h r o u g h  one 

w h i r l  o r b i t .  Both t h e  r a d i a l  and t a n g e n t i a l  l o a d s  demonst ra te  a " h y s t e r e t i c -  

l i k e "  response w i t h  e c c e n t r i c i t y .  T h i s  e f f e c t  i s  a r e s u l t  o f  c a v i t a t i o n  

o c c u r r i n g  t h r o u g h  some p o r t i o n  o f  t h e  c y c l e .  [See R e f s .  ( 2 )  and ( 7 ) . ]  

O p e r a t i o n  a t  t h e  d i f f e r e n t  s h a f t  f r e q u e n c y  c o n d i t i o n s  has a v e r y  pronounced 

e f f e c t  on t h e  t a n g e n t i a l  l o a d  b u t  o n l y  a s l i g h t  e f f e c t  on t h e  r a d i a l  l o a d .  A s  

t h e  s h a f t  f requency  i s  i n c r e a s e d ,  t h e  t a n g e n t i a l  l o a d  p l o t s  become l e s s  

h y s t e r e t i c  (See F i g .  6 . )  i n  n a t u r e .  T h i s  i s  m a i n l y  because t h e  o n s e t  o f  

c a v i t a t i o n  has been d e l a y e d  a t  t h e  h i g h e r  s h a f t  f r e q u e n c i e s .  F u r t h e r ,  a t  t h e  

end o f  t h e  squeeze c y c l e  ( i . e .  E = 0.8 i n  t h i s  s t u d y )  t h e  t a n g e n t i a l  l o a d  

decreases as t h e  s h a f t  f requency  i s  i n c r e a s e d .  T h i s  i s  because a t  t h i s  

p a r t l c u l a r  s t a g e  i n  t h e  m o t i o n  t h e  c o n d i t i o n s  f o r  h a l f - f r e q u e n c y  w h i r l  a r e  
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b e i n g  approached f o r  i n c r e a s i n g  s h a f t  f requency .  When t h e  c o n d i t  

h a l f - f r e q u e n c y  w h l r l  a r e  met [ i . e .  i n  F i g .  6 ( c ) ] ,  t h e  t a n g e n t i a l  

r a d i a l  l o a d  a r e  i d e n t i c a l l y  zero .  

A t t i t u d e  Angle 

ons f o r  

oad and 

The e f f e c t  o f  t h e  s h a f t  f requency  on r a d i a l  and t a n g e n t i a l  l o a d  i s  

summarized i n  t h e  a t t i t u d e  ang le .  The v a r i a t i o n  o f  t h e  a t t i t u d e  a n g l e  w i t h  

e c c e n t r i c i t y  t h r o u g h  one c i r c u l a r  o r b i t  i s  shown i n  F i g .  7 .  These p l o t s  

c o r r e s p o n d  t o  t h e  case o f  a s q u e e z e - f i l m  damper ( W  = 0) and t h e  case o f  

synchronous s h a f t  and v i b r a t i o n  f requency ( i . e .  w = w ) r e s p e c t i v e l y .  

I n  t h e  damper case [ F l g .  7 ( a ) ] ,  t h e  asymmetry i n  t h e  p l o t  i s  a g a i n  a r e s u l t  o f  

t h e  c a v i t a t i o n  p r e s e n t  t h r o u g h o u t  a p o r t i o n  o f  t h e  w h i r l  c y c l e .  I n  F i g .  7 ( b )  

t h e  d e l a y  o f  t h e  onse t  o f  c a v i t a t i o n  d i m i n l s h e s  t h e  asymmetry o f  t h e  p l o t .  

A l so ,  t h e  magn i tude o f  t h e  a t t i t u d e  ang le  remains smal l  ( i . e .  JI 5 30") 

t h r o u g h o u t  most o f  t h e  c y c l e  ( i . e .  0.15 5 E 5 0 .79 ) .  A t  t h e  end o f  t h e  

squeeze c y c l e  t h e  s i g n  i s  changed, and i t  v e r y  q u i c k l y  becomes sma l l  a g a i n  f o r  

t h e  remainder  o f  t h e  w h l r l  c y c l e .  I n  t h i s  i n s t a n c e  t h e  e f f e c t  o f  t h e  h i g h e r  

s h a f t  f r e q u e n c y  has been t o  suppress t h e  magni tude of t h e  a t t i t u d e  a n g l e  

t h r o u g h  a l a r g e  p o r t i o n  o f  t h e  c y c l e .  

B e a r i n g  Torque 

S 

s d  

The v a r i a t i o n  o f  t h e  b e a r i n g  to rque  w i t h  e c c e n t r i c i t y  i s  shown i n  F i g .  8 

f o r  t h r e e  d i f f e r e n t  cases.  1-he b e a r i n g  t o r q u e  i s  a measure o f  t h e  f o r c e  

r e q u i r e d  t o  overcome t h e  f r i c t i o n  f o r c e  i n  t h e  f l u i d  f i l m  [See  r e f .  ( 2 ) ] .  F o r  

t h e  s q u e e z e - f i l m  damper [ F i g .  8 ( a ) J ,  t h e  b e a r i n g  t o r q u e  i s  g e n e r a l l y  h i g h e r  

t h r o u g h o u t  t h e  w h i r l  o r b i t  t h a n  i n  any o f  t h e  cases t h a t  i n c l u d e d  s h a f t  s p i n .  

A s  t h e  s h a f t  f r e q u e n c y  i nc reased ,  t h e  r e s u l t a n t  e f f e c t i v e  s l i d i n g  v e l o c i t y  

decreased ( F i g .  4 )  and, consequent ly ,  t h e  amount o f  shear i n  t h e  f l u i d .  Note 

t h a t  t h e  b e a r i n g  t o r q u e  becomes zero  f o r  t h e  o i l - w h i p  c o n d i t i o n  [ F i g .  8 ( c ) ;  

c = 0.61.  
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CONCLUSIONS 

A s t u d y  o f  t h e  e f f e c t  o f  s h a f t  f r e q u e n c y  on b e a r i n g  and damper 

per formance under dynamic c o n d i t i o n s  i s  p r e s e n t e d .  The m o t i o n  cons 

t h i s  s t u d y  was t h a t  o f  noncentered  c i r c u l a r  w h i r l .  The s t u d y  r e v e a  

f o l l o w i n g :  

1 .  I n c r e a s i n g  t h e  s h a f t  f r e q u e n c y  caused a d e l a y  i n  t h e  o n s e t  

dered  i n  

ed t h e  

o f  

c a v i t a t i o n .  S ince  t h e  c o l l a p s e  o f  t h e  b u b b l e  occurs  a t  n e a r l y  t h e  same t i m e  

i n  each case, t h e  l i f e  o f  t h e  b u b b l e  i s  decreased w i t h  i n c r e a s i n g  s h a f t  

f requency .  

2.  D u r i n g  s e p a r a t i o n  ( i . e . ,  a h / a t  > 0) i n c r e a s i n g  s h a f t  f r e q u e n c y  

r e s u l t s  i n  an a p p r e c i a b l e  l o a d  v a r i a t i o n  w i t h  d e c r e a s i n g  e c c e n t r i c i t y .  T h i s  

i s  a t t r i b u t a b l e  t o  t h e  s i z e  and l o c a t i o n  o f  t h e  c a v i t a t i o n  b u b b l e  and t o  t h e  

r e c o v e r y  o f  t h e  wedge and squeeze e f f e c t s .  

3 .  O p e r a t i o n  a t  t h e  d l f f e r e n t  s h a f t  f r e q u e n c i e s  has a v e r y  pronounced 

e f f e c t  on t a n g e n t i a l  l o a d ,  b u t  o n l y  a s l i g h t  e f f e c t  on r a d i a l  l o a d .  

4 .  A t  t h e  o i l - w h i p  c o n d i t i o n  i t  was v e r i f i e d  t h a t  t h e  b e a r i n g  l o s t  a l l  

l o a d - c a r r y i n g  c a p a c i t y ,  and b e a r l n g  t o r q u e  was z e r o .  
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TABLE 1 .  - O P E R A l I N G  CONOITIONS 

AR, m . . 
R , m  . .  
L/D . . .  
Wd, r a d / s  
os, r a d / s  
8, N/m2 . 
p ,  N-s/mz 
Pa, N/m2 
P,, N/m2 

E . . . .  

. . . . . .  5.0 . 10-4  

. . . . . . . .  0.0425 

. . . . . . . . .  . l . O  

. . . . . .  0.1 t o  0.8 

. . . . . . . . .  -92.7 

. . . . .  0 t o  -104.29 

. . . . . .  1.72 . 109 

. . . . . . . . .  0.066 

. . . . .  1.0133 . 105 

. . . . . . . . .  . o . o  

TABLE 2 .  - EFFECT OF SHAFT FREQUENCY ON CAVIlATION 

S h a f t  
f r e q u e n c y ,  

r a d / s  

0.00 
-15.45 
-30.90 
-46.35 
-61.80 
-77.25 
-92.70 

-1 04.29 

C a v i t a t i o n  i n c e p t i o n  I C a v i t a t i o n  d e s i n e n c e  

Time, 
ms 

24.300 
26.205 
28.305 
30.305 
32.005 
33.505 
34.505 
34.805 

0.124 

.797 

Time, 
ms 

73.210 
73.410 
73.610 
73.810 
74.010 
74.110 
74.210 
73.910 

0.222 

.248 

.250 
-254 
.243 

Bubb le  
l i f e ,  

ms 

48.91 
47.21 
45.31 
43.51 
42.01 
40.61 
39.71 
39.11 

13 



\ 

Y 
( a )  SIDE VIEW. 

J- 
w d t  Y 

t 
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F I G .  1 .  - JOURNAL BEARING CONFIGURATION. 
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E = 0 . 2 2 . )  

MAXIMUM -'.- MAXIMUM 
F I L M  F I L M  

( f )  BUBBLE EXPANSION. ( t  = 3 9 . 3 1  MS: ( e )  BEGIN SEPARATION. ( t  = 3 3 . 9 1  MS: 

E = 0.78.) E = 0.80.) 

F I G .  2 .  - PRESSURE DISTRIBUTION AND BEARING CONFIGURATION FOR FULL PERIOD OF SHAFT WHIRL. 
CLOCKWISE I N  TIME.) 
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." 
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E = 0 . 7 8 . )  

(Os = 0 RAD/S. FIGURES ( a )  TO ( f )  ARE VIEWED 
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FILM FILM 

(b )  BUBBLE COLLAPSE. ( t  = 6.2 MS; t c )  PEAK PRESSURE. ( t  = 26.31 Ms: 
E = 0.24.) E = 0.75.) 

‘-MAXIMUM 
FILM FILM FILM 

( f )  BUBBLE EXPANSION. (t  = 4i.41 MS: ( e )  CAVITATION INCEPTION. ( t  = 34.81 MS: ( d )  BEGIN SEPARATION OIL-WHIP CONDITION. 
E = 0.75.) E = 0.799.) ( t  = 33.91 MS; E = 0.80.) 

FIG. 3. - PRESSURE DISTRIBUTION AND BEARING CONFIGURATION FOR FULL PERIOD OF SHAFT WHIRL. (os  = -104.29 RAD/S; FIGURES ( a )  TO ( f )  ARE 
VIEWED CLOCKWISE IN TIME.) 
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FIG. 4.  - SURFACE VELOCITY SUN (U) AND SQUtEZE VELO- 
C I T Y  ( w )  FOR FULL PERIOD OF SHAFT WHIRL AT VARIOUS 
FREQUENCIES. 
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